In Brief
Jha et al. study activation of contractility by the motor Myosin II during epithelial tissue morphogenesis. This requires signaling by GPCRs and Rho1. They show that ligand concentration and receptor endocytosis are coupled processes that tune the density of homoclustered receptors and set the amplitude of apical Rho1 and Myosin II activation.
INTRODUCTION
Tissue morphogenesis requires control over changes in cell shape and cell-cell contacts, which depend on the spatiotemporal regulation of actomyosin contractility [1, 2] . In Drosophila embryos, mesoderm invagination is driven by apical constriction, a geometric cell shape change facilitated by medial-apical Myosin II (MyoII) activation [3] [4] [5] . In the ectoderm, tissue extension arises from cell-cell intercalation, whereby cells undergo neighbor exchange through the polarized remodeling of cell junctions. Junction remodeling is driven by medial-apical MyoII contractile pulses [6] and MyoII planar polarized accumulation [7, 8] .
Actomyosin contractility is regulated by conserved signaling pathways [2, [9] [10] [11] . MyoII regulatory light chain is activated by Rho-kinase (Rok) downstream of the small GTPase Rho1, which in turn is regulated by GTPase-activating proteins (GAPs) [10] and guanine nucleotide exchange factors (GEFs) [12] . This conserved pathway was shown to be under the direct control of signaling at the cell surface, such as Celsr in vertebrate neural tube formation [13] and G protein-coupled receptors (GPCRs) in early Drosophila embryos. The GPCRs Mist [9, 14] and Smog [11] transduce signals from the secreted ligand Fog [15] in the Drosophila presumptive mesoderm (Mist and Smog) and ectoderm (Smog). Medial-apical MyoII activation progresses downstream of hetero-trimeric G proteins Ga12/13, Gb13F, and Gg1 in both mesoderm and ectoderm [11] . In the mesoderm, high medial-apical MyoII activation is under a stable regime that ensures persistent apical constriction, while in the ectoderm, intermediate medial-apical MyoII activation is under a pulsatile regime that enables cell-cell intercalation [11, 16] . Therefore, to understand how quantitative activation of MyoII is generated and its temporal dynamics encoded, it is necessary to decipher the regulation of GPCR signaling.
Differential MyoII activation in the mesoderm and ectoderm is partly imparted by the ligand Fog [11] , co-expression of Mist and Smog in the mesoderm [14] , as well as by the mesoderm-specific transmembrane protein T48, which enhances apical recruitment of RhoGEF2 [17] and, thereby, is proposed to potentiate Rho1 and MyoII activation. High Fog expression in mesoderm activates high MyoII, while in the ectoderm low Fog expression leads to low activation of MyoII [11] . However, in general, ligand availability is one of several mechanisms impacting GPCR activation and signaling. Various cell culture studies have focused on the other modalities that regulate GPCR signaling [18] [19] [20] [21] . The major regulators of GPCR signaling are G proteincoupled receptor kinases (GRKs) that phosphorylate GPCRs and trigger signal termination, by allowing b-arrestin binding [19] and recruitment of other adaptor proteins. In turn, b-arrestins direct activated receptors to clathrin-coated pits and remove them from the plasma membrane by endocytosis [22] . While removal of activated GPCRs from the plasma membrane via endocytosis terminates GPCR signaling, it also reduces the number of receptors present on the surface for ligand stimulation [21] . This effectively sets a quantitative control over GPCR signaling via endocytosis [23] . Drosophila has only one non-visual GRK (Gprk2) and one non-visual b-arrestin-2 (kurtz) [24, 25] . Gprk2 mutant mothers show aberrant contractility in the mesoderm lateral cells, and it was suggested that Gprk2 attenuates Fog-dependent MyoII activation in these cells [26] . Eggs lacking Kurtz display cuticle phenotypes and suggest gastrulation defects [27] . These data indicate that Kurtz plays a role with Gprk2 to terminate Fog signaling and could control Rho1 and MyoII via GPCR endocytosis. Its function in the mesoderm and ectoderm has not been addressed.
Conventionally, GPCR signaling from the plasma membrane is thought to occur via ligand binding and subsequent signal transduction via G proteins that relay the information to the interior of the cell [28] . Apart from GPCR endocytosis, the localization of GPCR within the cell membrane will influence GPCR signaling. Lateral movement of GPCRs within the plasma membrane is often restricted to specific nano-domains, suggesting that selective compartmentalization is necessary for efficient signaling as it can increase GPCR localization and clustering. GPCR clustering in the form of homo-and hetero-oligomers has been reported to control both signal amplification as well as receptor recycling [29] . Whether the main role of GPCR clustering is for chaperoning active receptors for transport or to control GPCR signaling specificity remains unclear, especially during development. To understand GPCR signaling during tissue morphogenesis, it is important to elucidate both the clustering of GPCRs at the plasma membrane and the role of endocytosis.
Here we investigate the quantitative regulation of the GPCR Smog signaling by endocytosis in both the ectoderm and the mesoderm. We show that Fog promotes homo-clusters of Smog, while endocytosis rapidly removes Smog homo-clusters from the surface of the plasma membrane in the ectoderm. We show that dynamic partitioning of active Smog homo-clusters in two plasma membrane compartments, the surface or the plasma invaginations, directly impacts on Rho1 and MyoII activation. In the mesoderm, numerous apical plasma membrane invaginations and high Smog homo-clusters correlate with high Rho1 and MyoII activation compared to the ectoderm.
RESULTS
Gprk2 and b-Arrestin-2 Tune Medial-Apical MyoII Accumulation Termination of GPCR signaling is regulated by the cooperative action of GRKs and b-arrestins [19] . We used the short hairpin RNA (shRNA) [30] silencing approach (see the STAR Methods) to knock down Gprk2 or kurtz/b-arrestin-2 (hereafter referred to as Gprk2-knockdown (KD) and b-arrestin-2-KD), to see if embryo extension was different compared to control embryos. Both Gprk2-KD and b-arrestin-2-KD showed slower elongation compared to control embryos ( Figures S1A and S1B ). The extent of knockdown by shRNA was tested by qRT-PCR, which showed strong downregulation ( Figures S1C and S1D ). We examined embryos expressing E-cadherin fused with GFP [31] , to mark cell-cell contacts, and MyoII regulatory light chain fused to mCherry [32] (hereafter referred to as MyoIIRLC::mCherry) in control, Gprk2-KD, and b-arrestin-2-KD embryos. In the ectodermal cells, Gprk2 and b-arrestin-2 knockdown increased medial-apical MyoII accumulation compared to controls (Figure 1A) . Medial-apical MyoII pulse amplitudes were higher for both Gprk2-KD (10.85 ± 8.4, i.e., 2.5-fold increase) and b-arrestin-2-KD (12.82 ± 9.33, i.e., 3-fold increase) compared to control embryos (4.28 ± 2.26) ( Figures 1B and 1C) . Also, the pulse durations were increased in Gprk2-KD (50.34 ± 13.92 s) and b-arrestin-2-KD (52.68 ± 20.94 s) compared to controls (38.94 ± 13.06 s), as measured by full width at half maximum (FWHM) of the pulses ( Figure 1D ). We also used 2 non-overlapping double-stranded RNA (dsRNA) probes targeting different regions of Gprk2 and b-arrestin-2 than the one targeted by the shRNA lines ( Figures S2A and S2B ). Knockdown by dsRNA injections (see the STAR Methods) in embryos increased medial-apical MyoII accumulation compared to controls (Figure S1E ; hereafter referred to as Gprk2-dsRNA and b-arrestin-2-dsRNA), similar to shRNA lines ( Figures 1B-1D ). These results ensure the specificity of the knockdown by dsRNA. Moreover, homozygous gprk2 6936 (hereafter referred to as gprk2 mutant) mutants showed an increase in MyoII levels, similar to Gprk2-shRNA and Gprk2-dsRNA knockdown embryos ( Figure S1F ). Increased medial-apical MyoII was associated with delayed junction shrinkage duration during cell-cell intercalation ( Figures  1E-1G ), resulting in reduced germband extension. Activation of MyoII is under the control of the conserved RhoRok pathway. To test if Gprk2 and b-arrestin-2 regulate the Rho-Rok pathway, we measured the activity of Rho1 using a biosensor containing the Rho1 guanosine triphosphate (GTP)-binding domain of Anillin (AniRBD) fused with GFP [16] . We observed a significant increase in medial Rho1-GTP in the ectodermal cells of Gprk2-KD and b-arrestin-2-KD embryos compared to controls (Figures 2A and 2B ). Rok::GFP levels were also increased in embryos injected with Gprk2-dsRNA ( Figure 2C ) compared to water-injected controls ( Figure 2D ). Taken together, these experiments show that Gprk2 and b-arrestin-2 knockdowns show similar phenotypes. Gprk2 and b-arrestin-2 tune the levels of Rho1-GTP and Rok in ectodermal cells and attenuate MyoII accumulation. These observations raise the questions, which upstream GPCRs are modulated by Gprk2 and b-arrestin-2 and what are the underlying mechanisms?
Gprk2 and b-Arrestin-2 Modulate Fog-GPCR Signaling The ligand Fog in the ectoderm signals through the GPCR Smog and unknown GPCRs to activate medial-apical MyoII [11] . To test if Gprk2 and b-arrestin-2 regulate the Fog-Smog pathway, we performed double knockdowns and compared them with the appropriate controls. Consistent with the experiments in the previous section, there was an increase in medial MyoII pulse Figure 2F ). This is consistent with the idea that b-arrestin-2 regulates the Fog-Smog pathway, although the effect of b-arrestin-2 could be via another pathway. b-arrestin-2 has also been implicated in the regulation of Toll (dorsoventral patterning) and Erk signaling (terminal patterning) in Drosophila [27] . To test if an increase in the MyoII accumulation in Gprk2-KD and b-arrestin-2-KD embryos is due to defects in Toll or Erk signaling, we looked at the Twist, Snail (ventral mesodermal fate), and dpERK (terminal patterning) distributions in the knockdown embryos. Staining for Twist (Figure S2C ), Snail ( Figure S2D ), and dpERK ( Figure S2E ) showed that Gprk2-KD and b-arrestin-2-KD established dorsoventral and terminal patterning normally.
These data further support the view that Gprk2 and b-arrestin-2 tune medial-apical MyoII activation by regulating GPCR signaling ( Figure 2G ) in the ectoderm. This is substantiated by the fact that GRKs are indeed specific to GPCRs and that GPCR signaling is the major pathway known to regulate MyoII activation in the ectoderm [11, 26] . This also indicates that Fog is the major ligand involved in the process that regulates GPCR signaling in the ectoderm, signaling through the GPCR Smog [11] . This led us to further test the hypothesis that Gprk2 and b-arrestin-2 regulate Smog endocytosis by investigating the effect of Gprk2 and b-arrestin-2 KD in Smog membrane organization and distribution in vivo.
Gprk2 and b-Arrestin-2 Regulate Smog Homo-clusters GPCR clustering has been reported to impact different aspects of GPCR signaling, including ligand binding, G protein coupling, and trafficking. Even so, the presence and functional relevance of GPCR clusters in vivo are widely debated [33, 34] . To quantitatively follow changes in Smog levels and homo-clustering in the embryos, we used fluorescence correlation spectroscopy (FCS) (see the STAR Methods). Smog was fused with GFP at its C terminus, and the transgenic containing this construct was able to rescue a smog-null mutant ( Figure 3A ) [11] . Using a point-scan confocal microscope equipped with a singlemolecule-sensitive array detector, we probed the apical membrane of the cells in the ectoderm with diffraction-limited spot (265 nm wide) (see the STAR Methods). By virtue of its sensitivity, FCS is particularly suitable to detect individual mobile Smog::GFP molecules within this excitation volume. By autocorrelating the fluctuations in the detected fluorescence emission intensity ( Figures 3B and 3C) , it is possible to determine the concentration of mobile Smog::GFP by examining the y axis offset in the autocorrelation function (ACF) ( Figure 3C ; see the STAR Methods).
In Smog::GFP embryos, the concentration of moving Smog::GFP units is 17.0 ± 12 mm À2 (mean ± SD, from 84 measurements on 20 cells in 6 embryos), similar to low-expressing GPCRs [35] . To assess the homo-clusters of Smog, we measured the per-particle brightness of each moving Smog::GFP unit (4.09 ± 1.3 kHz), and we compared it to the per-unit brightness of a known homo-trimer, the Vesicular Stomatitis Virus G protein tagged with GFP (VsV G::GFP, see the STAR Methods; 3.17 ± 1.1 kHz; Figures 3D and 3E ). The data suggest that the diffusing Smog::GFP species is minimally a trimer or a combination of higher-order clusters along with the monomer population. Gprk2 and b-Arrestin-2 Regulate the Formation of Different Apical Plasma Membrane Compartments GPCR signaling initiates at the plasma membrane and requires endocytosis for its sustainment or extinction [21] . Fluorescently labeled Dextran marks fluid phase-, clathrin-, and dynamindependent endocytosis in the early Drosophila embryos [36] . We monitored Alexa-568-labeled Dextran uptake together with Smog::GFP in control ( Figure 4A ), Gprk2-KD ( Figure 4B ), and b-arrestin-2-KD ( Figure 4C ) embryos. Strikingly, Gprk2-KD and b-arrestin-2-KD embryos showed larger and more numerous Smog-and Dextran-filled structures that were mostly tubular or vacuolar compared to controls ( Figures 4A-4C ). Indeed, there was a high pixel-to-pixel correlation (around 0.7), as measured by the Pearson coefficient, between Smog::GFP and Dextran-568 in all conditions ( Figure 4D ). GRKs and b-arrestins are involved in regulating endocytosis; their knockdown is known to reduce GPCR endocytosis [19] . It seemed plausible that the Dextran-and Smog-filled structures were the consequence of the reduction in endocytosis caused by Gprk2-KD and b-arrestin-2-KD, and they may represent structures that do not pinch off effectively from the plasma membrane. We further tested this idea by tracking these structures over time. The higher signal-tonoise ratio for Dextran imaging led us to use Dextran as a proxy for tracking Smog::GFP (hereafter referred to as plasma membrane invaginations). We tracked ( Figure 4E ) and constructed kymographs of individual structures for 200 s (Figure 4F ). These measurements showed a 2-fold increase of their dwell times (see the STAR Methods) in Gprk2-KD (68.6 ± 39 s) and b-arrestin-2-KD (66.0 ± 32 s) embryos compared to controls (31.9 ± 14 s) ( Figure 4G ). In addition, the plasma membrane (legend continued on next page) invaginations were predominantly apical ( Figure 4H ). The accumulation of these plasma membrane invaginations was exemplified further by measuring a 1.85-fold increase in the apical contour length per cell upon knocking down b-arrestin-2 (23.51 ± 4.91 mm versus control 12.68 ± 3.09 mm; see Figures  S4A-S4C ). During cellularization, large tubular plasma membrane invaginations serve as a platform for the de novo generation of Rab5-positive endosomes [37] . Rab5 is a small GTPase, localized to the plasma membrane, early endosomes, and clathrin-coated vesicles. In embryos expressing Rab5::YFP (STAR Methods) and injected with Dextran-568, Rab5 was detected in ectodermal plasma membrane invaginations in control and in Gprk2-KD embryos, similar to cellularizing embryos ( Figures S5A-S5C ). In Clathrin::mCherry [36] embryos, fluorescence coated a large fraction of Dextran-647-filled membrane invaginations in both control ( Figure S5D ) and Gprk2-dsRNA-injected embryos ( Figure S5E ).
Altogether, these data argue that, in addition to being localized at the surface of the apical plasma membrane, where Smog::GFP could be probed with FCS ( Figure 3A ), Smog::GFP also accumulates in plasma membrane invaginations that operate as platforms for the early endocytic machinery ( Figure S5F ) as well as in mobile internalized vesicles [11] . The dwell time, size, and number of these invaginations increase as endocytosis of Smog is reduced in Gprk2-KD and b-arrestin-2-KD embryos ( Figures 4A-4G ). This change correlates with a decrease in Smog homo-clusters at the surface of the plasma membrane in the knockdown embryos. It is possible that high Smog homo-clusters could accumulate in the invaginations. Thus, Smog distribution on the surface or invaginations of the plasma membrane is tuned by Smog endocytosis. Moreover, Smog homo-clusters may be specifically directed toward these membrane compartments. This hypothesis led us to examine the role of the activating ligand Fog in this process.
Fog Induces Smog Homo-cluster Formation and Affects
Smog Distribution between Surface and Membrane Invaginations GPCR endocytosis can be agonist induced [38] . We investigated the role of Fog on Smog localization. We injected fog dsRNA in Gprk2-KD and b-arrestin-2-KD embryos, and we additionally performed Dextran-568 perivitelline injections ( Figure S6A ). Fog knockdown diminished the apical plasma membrane invaginations compared to Gprk2-KD and b-arrestin-2-KD water-injected controls ( Figure S6B ). Conversely, overexpression of the ligand Fog augmented the number of plasma membrane invaginations and increased the number of Dextran-filled small plasma membrane invaginations ( Figures S6C and S6D ). Fog overexpression also increases the number of mobile Smog::GFP and Dextran-filled vesicles [11] . These data indicate the role of Fog in the formation of apical plasma membrane invaginations and endocytosis. High Fog induces the formation of numerous plasma membrane invaginations and internalized mobile vesicles. Endocytosis is reduced in Gprk2-KD and b-arrestin-2-KD embryos, leading to the formation of large plasma membrane invaginations and less mobile vesicles. This also suggested that Fog concentration and regulation of Smog endocytosis could set the distribution of Smog on the surface versus the plasma membrane invaginations and in the mobile vesicles. To test this further, we next addressed the impact of both Fog levels and Smog endocytosis on Smog::GFP membrane concentration and clustering using FCS.
Lowering the Fog levels using dsRNA in control, Gprk2-KD, and b-arrestin-2-KD embryos did not significantly change the concentration of moving Smog::GFP units on the surface of the membrane ( Figures 5A-5C ). These embryos did, however, show a reduced Smog clustering indicated by a low Smog::GFP per-unit brightness ( Figure 5D , left, 14.5% decrease). fogdsRNA similarly lowered the Smog::GFP unit brightness in the Gprk2-KD ( Figure 5E Together, these data argue that Gprk2 and b-arrestin-2 quench Smog signaling at the plasma membrane by rapidly removing activated homo-clustered Smog before or as it accumulates in plasma membrane invaginations. A shift in the balance of slow active GPCRs accumulating locally in the membrane invaginations can be created by flooding the cells with the ligand Fog. This can be achieved by overriding the endocytic capacity of Gprk2 and b-arrestin-2 via overexpression of Fog or, more dramatically, by silencing Gprk2 and b-arrestin-2 (Figure 5G) . We next addressed whether Smog GPCR that localizes in the apical plasma membrane invaginations ( Figures 4A-4C ) is indeed active and whether signaling occurs from these sites.
Apical Membrane Invaginations Act as Signaling Centers for MyoII Activation
To test whether plasma membrane invaginations act as GPCR Smog-signaling centers, we examined Rho1-GTP distribution. Membrane invaginations in Gprk2-KD, b-arrestin-2-KD, and control embryos that were marked with Dextran-568 recruited active Rho1 (marked with AniRBD::GFP) ( Figure 6A ). Line scan analysis across the membrane invaginations (see the STAR Methods) and pixel-to-pixel correlation showed high correlation between the intensity of AniRBD::GFP and Dextran-568 in control, Gprk2-KD, and b-arrestin-2-KD embryos ( Figures 6B  and 6C ), suggesting co-localization between Rho1-GTP and Dextran.
Taken together these data indicate that activated Smog accumulation in plasma membrane invaginations form signaling centers for active medial-apical Rho1 and, thus, MyoII activation.
Presumptive Mesoderm Cells Have Large Apical Plasma Membrane Invaginations
To further understand the quantitative Smog regulation for Rho1 activation, we examined endocytosis in presumptive mesoderm where Fog signaling is particularly high [4, 11] . Following perivitelline injection of Dextran-568, large and more numerous plasma membrane invaginations were observed ( Figure 7A) , consistent with the notion that these are signaling centers for medial Rho1 and MyoII activation. As in the ectoderm, membrane invaginations in the mesoderm were localized apically ( Figure 7B ) and were Rab5 positive ( Figure 7C ). Line scan analysis across invaginations (see the STAR Methods) in mesoderm cells showed that they were much larger compared to the invaginations in the ectoderm ( Figure 7D ). The apical membrane in mesoderm also displayed a significant increase in the Smog::GFP unit brightness compared to the ectoderm, suggesting Smog::GFP homo-clustering ( Figure 7E ). Similar effects were observed in ectodermal cells only when both Smog endocytosis was reduced (e.g., Gprk2-KD or b-arrestin-2-KD) and Fog concentrations were high ( Figures 5E and 5F , right). Our results suggest the possibility that Gprk2-and b-arrestin-dependent GPCR endocytosis is developmentally reduced in the mesoderm compared to the ectoderm and participates in differential regulation of Rho1 and MyoII activation, in addition to Fog higher expression in the mesoderm compared with the ectoderm.
DISCUSSION
Epithelial cells exhibit different types of cell deformations owing to quantitative control over cell contractility that arises from contraction of the actomyosin cytoskeleton [4, 7, 8] . GPCR signaling relays information conveyed by tissue-specific factors in the mesoderm and ectoderm to control this quantitative regulation during tissue morphogenesis. Rho1-dependent activation of MyoII during both apical constriction in the mesoderm and cell-cell intercalation in the ectoderm is controlled by GPCR signaling [11, 14] . Activation of the GPCR Smog underlies Rho1 activation in both mesoderm and ectoderm [11] . It is believed that differential regulation of the GPCR Smog and other GPCRs underlies these tissue-specific differences in MyoII activation. This partly relies on the fact that Fog, the activating ligand, is present at higher levels in the mesoderm than in the ectoderm [11] . Our work sheds new light on this process by probing the plasma membrane organization and distribution of Smog in conditions that affect both endocytosis and production of the ligand Fog.
Probing the ectodermal cells with FCS, we report that Smog homo-clusters on the surface of apical plasma membrane and this process depends on Fog. When Fog is absent, such as in a fog-dsRNA, the brightness per Smog::GFP unit is lower, suggesting that Fog induces the formation of Smog homo-clusters. We also report dynamic exchange of homo-clustered Smog between the surface and plasma membrane invaginations. This dynamic distribution of Smog between the two plasma membrane compartments is strongly dependent upon both the rate of Smog endocytosis and Fog concentration. Increasing Fog concentration or reducing Smog endocytosis enhances the presence of Smog homo-clusters in apical plasma membrane invaginations, which results in an apparent decrease in Smog homo-clusters at the cell surface ( Figures 5E and 5F , right, and Figure 3F Figure 5G ). Importantly, this controls the quantitative activation of Rho1 and MyoII. Under low-endocytosis regimes (Gprk2 or b-arrestin-2 knockdowns in the ectoderm), high levels of active Rho1 accumulate in the apical plasma membrane invaginations ( Figure 6A ). We propose that the apical plasma membrane invaginations are signaling hubs, where signaling components could concentrate, give rise to high G protein signaling (e.g., Ga12/13), and sustain high MyoII activation. The size and stability of these signaling invaginations is tuned by endocytosis, and they may provide a means to control the strength and persistence of signaling. Pulsatile active Rho1 in the ectodermal cells requires intermediate Rho1 activation [11] .
In the ectoderm, low Fog expression and rapid Smog endocytosis by Gprk2 and b-arrestin-2 lead to intermediate activation of Rho1 ( Figure 6D ). In turn, intermediate Rho1 activation at the apical plasma membrane creates the conditions required for self-organized actomyosin dynamics associated with pulsation [16] . Our study also points to the possibility of tissue level regulation of endocytosis and plasma membrane compartmentalization of GPCRs. Large apical plasma membrane invaginations are observed in the mesoderm compared to the ectoderm. In the mesoderm, Smog accumulates in larger, more numerous, apical plasma membrane invaginations, and it displays larger Smog homo-clusters compared to in the ectoderm ( Figure 7E ). In the mesoderm, Rho1 and MyoII activation is higher. Another GPCR, Mist produced in the mesoderm, works synergistically with Smog to boost Rho1 and MyoII activation [11] . This is also due to the expression of another GPCR Mist in the mesoderm [14] and to Fog being present at higher levels in the mesoderm. Ectodermal cells have similar properties of high Smog homoclusters when Fog is overexpressed and GPCR endocytosis is slowed down ( Figure 5G ). An intriguing possibility is that Smog and potentially Mist endocytosis is downregulated in the mesoderm compared to the ectoderm. Interestingly, the E3 ubiquitin ligase Neuralized (Neur), which is uniformly expressed in the embryo, is inhibited in the ectoderm by the small proteins of the Bearded (Brd) family. Brd genes are repressed by the mesoderm transcription factor Snail, so that Neur is only active in the mesoderm. In a Brd mutant, where Neur becomes active in the ectoderm, MyoII activation is increased [39] and Neur degradation or repression in the mesoderm following Brd overexpression both reduce MyoII activation [40] . Previous studies have shown that the E3 ubiquitin ligase targets b-arrestin-2 for ubiquitination and degradation, and, thereby, it affects endocytosis and signaling by GPCRs [41, 42] . It is possible that GPCR endocytosis could be reduced in the mesoderm due to increased Neur activity in this tissue. This may depend on the downregulation of several target proteins, such as b-arrestin-2.
Selective compartmentalization of GPCR on the plasma membrane as in the case of large apical plasma membrane invaginations can increase the concentration and the probability of GPCR clustering and oligomerization (reviewed in [43] ). Our data suggest that the dynamic modulation of GPCR signaling can be achieved by a change in their cluster/oligomer formation. Receptor oligomerization may enlarge the signaling capacities by the recruitment of more downstream signaling components during GPCR signaling (reviewed in [33] ). G proteins are reported to be expressed at low concentration, and selective compartmentalization of GPCRs on the plasma membrane further increase the probability of GPCR clustering and oligomerization for efficient signaling. Investigation of G protein activation by different GPCRs in vivo will be needed to test if a similar mechanism is in place during epithelial morphogenesis.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Thomas Lecuit (thomas.lecuit@univ-amu.fr).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All the experiments were performed on Drosophila melanogaster embryos at the early stages of gastrulation. To obtain embryos, flies were maintained under the standard lab conditions in plastic vials at 22 C with yeast food. Daily embryo collection was done in cages with agar plate made with apple juice, supplemented with fresh yeast paste. Flies lay eggs on these plates and embryos are filtered from the yeast paste by water. Embryos are then treated with commercial bleach for 45 s and washed abundantly with distilled water. Embryos were staged under the binoculars and were stuck on the coverslips. Embryos were covered with Halocarbon oil 200 and taken for fluorescence microscopes for live imaging. The embryos were prepared as described in [44] . Please refer to the Key Resources [4] . 67-Gal4 (mata4-GAL-VP16) are ubiquitous maternally supplied Gal4 drivers.
Fly constructs and genetics F2 progeny (embryos) were analyzed for following crosses Figure 1 RNA interference dsRNA probes were made using PCR products containing the sequence of the T7 promoter (5 0 -TAATACGACTCACTATAGG-3 0 ) followed by 18-21 nucleotides specific to the gene. then smoothened to automatically detect pulses using Igor Pro (Wavemetrics, Multi-peak fitting, Gaussian fit). Pulse amplitude and full width half maximum (FWHM) were extracted. Pulse amplitude is the difference between maximum and minimum mean intensity. For FWHM the independent variable is time, as has been used in earlier studies [11, 16] .
Pixel-to-pixel correlations were obtained for membrane invaginations by line scan analysis by drawing a narrow band line (5 pixels) across the structure and measured intensity across both the channels for Smog::GFP and Dextran-568. The Pearson correlation coefficient was calculated with Igor-Pro Software. Values presented here are the average Pearson coefficient obtained for each embryo. For the mean medial measurement of the plasma membrane structures (Figure S6B ), cell outlines were made on the cell-cell boundary and then shrunken 5 pixels to obtain medial cell intensity which was normalized to the total cell intensity.
Immunofluorescence microscopy Embryos were formaldehyde-fixed and labeled with rabbit anti-Twist (1:1000, gift from Leptin lab), mouse anti-dpERK (1:500, Sigma Aldrich). Heat-methanol fixation was used for rabbit anti-Snail (1:500, gift from Leptin lab).
Fixed samples (using Aqua-Poly mount, Polysciences) were imaged using a confocal micropscope (LSM 780, Carl Zeiss) using a Plan Apochromat 40x/1.4 NA oil immersion objective and a 20x/0.75 NA (for anti-dpERK).
Dextran internalization assay
The visualization of endocytosis and membrane invaginations was carried out by injecting Dextran Alexa 488, 568 and 647 (1 mg mL À1 in water, M r 10,000, Invitrogen) [46] . Images were then acquired on Nikon spinning disc Eclipse Ti inverted microscope as mentioned above. Images were acquired on single plane or up to 5 z-sections. Unless specified, movies spanned for 200 s. Endocytic events were tracked for 200 s by making kymograph and dwell time of plasma membrane invaginations were measured from the kymograph based on when the structure attached to the cell membrane disappeared. We qualify dextran filled structures as plasma membrane invaginations and mobile vesicles based on the size, shape, and mobility of the structures. We track the dextran filled structures for 200 s. Large plasma membrane invaginations as in case of Gprk2 and b-arrestin-2 knockdown were characterized by their size (> 10 pixels), more tubular and vacuolar. These structures remained attached to the plasma membrane and had inefficient internalization (immobile, long dwell time). This lead to the formation of less mobile dextran filled vesicles. Small plasma membrane invaginations (< 10 pixels) detached from the plasma membrane and internalized effectively (shorter dwell time). This lead to the formation of mobile dextran filled vesicles.
Transmission electron microscopy
Control and b-arrestin-2-KD embryos were dechorionated in bleach, rinsed with water and fixed for 15 min in the heptane phase of a well-shaken mixture of 2 mL 25% glutaraldehyde in 1% PBS and 8 mL heptane. Fixed embryos were collected in a droplet of the heptane-glutaraldehyde mix, placed on a slide, and just as the heptane completed evaporated, transferred on double-coated adhesive tape, covered with 1X PBS and devitellinized with a needle. They were then fixed for another 2 h at 4 •C in 2% glutaraldehyde, 0.1% tannic acid in 50mM cacodylate buffer (pH 7.0), then washed in the same buffer for 1 h at 4 •C. Post-fixation was done in a mixture with 1% osmium, 2% glutaraldehyde in 50mM cacodylate buffer at 4 •C for 2 h. Embryos were washed in the buffer overnight at 4 •C, then dehydrated in a graded ethanol series, and finally embedded in epon and polymerization was done for 48 h. Ultrathin sections (70 nm) were cut with an ultramicrotome Leica UC7 (Leica, Austria), then contrasted with 1% uranyl acetate and lead citrate. The grids were observed under a FEI G2 (FEI, USA) at 200 kV and images were acquired with a Velata camera (Olympus, Japan).
Fluorescence Correlation Spectroscopy
De-chorionated embryos were stuck on coverslips, immersed in Halocarbon oil 200 and placed on a point scanning confocal; Zeiss LSM 780 Confocor 3 System. Initial inspection and staging of embryos was done using bright field illumination. Before each series of FCS experiments on an embryo a large field-of-view confocal image was obtained ( Figure 3A and Figure 3D ). In the following 10-15 min about 4-7 cells were selected in the ectoderm or mesoderm depending on the experiment and six different, 10 s each FCS traces were obtained at the apical membrane of each of the cell using a 40X 1.2 NA UV-VIS-IR C Achromat water-immersion objective. The back-focal plane of the objective was overfilled using 488nm line from an Ar-laser (at 6 uWatt, corresponding to about 5-10 kWatt/cm 2 ) in order to create a diffraction-limited confocal volume that was calibrated on each day before the experiment using the known diffusion coefficient of rhodamine 6G [47, 48] The confocal spot was parked in the center of the field, and each individual cell was moved there by moving the stage. The correct focal distance was determined each time as the z-position where the initial estimate of per particle brightness was highest. Next, the emission photon stream was recorded with the same objective, descanned, through an aligned pinhole (32 um), wavelength selected between 491-562 and detected on a gallium arsenide detector array.
An intensity in time trace (I(t)) of 60 s was recorded for each cell as 6 iterations of 10 s. Each 10 s trace was autocorrelated into an autocorrelation curve G(t) using the Zeiss onboard autocorrelator which calculates the self-similarity through:
Here hi denotes the time-average, dIðtÞ = IðtÞ À hIðtÞi and t is called the timelag. The 10 s measurement is long enough to contain sufficient events and short enough to avoid each trace to be contaminated by events that do not arise from Smog::GFP diffusing in-plane of the plasma membrane Figure S3A .
Any 1ms-binned intensity trace that contained changes in average intensity (most likely arising from cell-cell junctions moving through the confocal spot during the measurement, Figure S3A , middle panel) or contained short high-intense bursts (most likely arising from endosomes Figure S3A , bottom panel) were discarded from further analysis. Since the confocal spot extends into the cytosol of the cell a few more potential artifacts can arise due to the existence of membrane invaginations of various sizes (see Figure S4A and Figure S7D ). Large mobile invaginations that are on the order or larger than the confocal spot of 265nm will change the intensity trace of the FCS measurement equivalent to getting out of focus, and will be discarded for further analysis. Small (<< 265 nm) mobile invaginations will increase the intensity of the FCS trace in a fashion equivalent to a junction moving through the focal volume and will therefore be discarded from further analysis. Immobile invagination do not have a defined focus where the per particle brightness is maximal and are therefore not recorded. As such care was taken to only obtain FCS data from a relatively flat apical membrane surface.
In order to estimate the potential distribution of fluctuation timescales we normalized all the remaining autocorrelation curves and fitted their average using the maximum entropy method [49] . Using this fitting method, we obtained 3 timescales ( Figure S3B ). The first timescale of about 20-120 us corresponds to the triplet state of EGFP [50] . As in FCS experiments using EGFP tagged membrane components in cultured cells [51] we often measure a second timescale (0.3-3 ms) arising from intracellular/luminal EGFP very close to the plasma membrane. The third timescale of around 15-50 ms corresponds to the lateral diffusion of Smog::GFP through the confocal spot.
For all the data reported in this manuscript we fitted each raw 10 s autocorrelation (G(t), Figure S3C ) versus timelag (t; 5$10 -6 -2 s)
to:
N reflects the number of moving particles in the confocal volume and G T (t) is the correlation function associated to blinking/triplet kinetics: The fraction f corresponds to the intracellular diffusing pool of EGFP that has a timescale of t D1 . S is the structure factor that accounts for timescales arising from the fact that the intracellular EGFP diffuses in a volume rather that a plane. Free fitting this parameter converges the value to about 0.2, consistent with earlier reports on cultured cells. To contain the number of free parameters we decided to fix this value to 0.2. The diffusion time associated with laterally diffusing Smog::GFP is finally calculated with t D2 .
In order to perform quantitative FCS it was important to assess the experimental conditions. The relatively high non-correlated background lowers the signal to noise ratio as measured by kHz per GFP. While increasing the excitation power will augment the signal to noise ratio there is an upper limit to increasing the power. Above a certain power the emission of EGFP becomes saturated and starts deviating from linearity. At the same time, potentially even before this regime is reached, diffusing EGFP molecules could bleach before exiting the confocal volume, effectively lowering the measured diffusion times. In order to work out the correct experimental conditions we used VsV G::GFP (membrane protein) in embryos and measured the background corrected emission response as well as the measured diffusion times versus excitation powers as measured at the back-focal plane of the objective ( Figure S3F) . In all our experiments we used an excitation power of 6 uWatt, corresponding to an estimated power density of 5-10 kWatt/cm 2 .
QUANTIFICATION AND STATISTICAL ANALYSIS Statistical Analysis
Average values are calculated from n where it can be number of cells/events/pulses as noted in the figure legends for each experiment. This number was used for statistical significance tests. Error bars usually depict SEM unless otherwise mentioned. All boxand-whiskers plots have the box extending from the 25th to the 75th percentile and the whiskers representing the 5th and the 95th percentile. In addition to the median demarcated as a line in the box the mean of the distribution is shown as a '+'. Outliers are represented as points. Mann-Whitney parametric U-test was performed to calculate p values. No statistical method was used to predetermine sample size. The experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome assessment. N refers to the number of embryos taken for measurements.
Graph Plots
All the graphs were plotted either in Igor-Pro Wavemetrics or Prism Graph-Pad software.
